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AN EXAMINATION OF THE CONCLUSION PROPOSED BY V..A.
THORNTON ON THE "LUMINOSITY AND COLOR RENDERING CAP
ABILITY OF WHITE LIGHT".1
A study was recently conducted by V..A. Thornton of
Westinghouse Plourescer.t end Vapor Divisions, on the
luminosity and color rendering capability of white
light. It is the purpose of this project to inves
tigate the validity of his conclusions. Thornton
states that: "The spectral power distribution of white
light required to maximize luminous efficiency and the
color rendering index is approximated by additive com
bination of three spectral lines near 450, 540 and 6l0nm





The quality of a light source may be described by
many different factors, the two main factors being CRI
(Color Rendering Index) and luminosity.
The color rendering capability of a source is the
ability of the source to make specific color samples
visually match the sample's color appearance produced
under a reference source. A numerical measure of this
ability is termed the Color Rendering Index. (See Appen
dix A for a detailed discussion and mathematical form
ulation.)
In general, the quality of the light source in
creases as both the CRI and luminosity value increase.
Unfortunately, and increase in CRI of a source usually
produces a decrease in luminosity, and vice versa.
Thornton made calculations utilizing hypothetical
sources composed of three wavelengths, holding two wave
lengths constant while the third was varied. For light
composed of three wavelengths, an attempt was made to
find the conditions producing an increase in CRI and
luminosity above those found in present commercial lamps.
In his study, radiation of 450, 540 and 610nm was
combined in proper proportion to produce a specific v.hite
chromaticity. The subsequent CRI value was cmlculuted for
this combination. Then two of the wavelengths were held
constant, and the third was varied. Corresponding calcu
lations of CRI were computed for each set of combinations.
The data was then examined to find any dependence of CRI
on varying wavelengths. His results showed that the CRI
for light composed of the previously mentioned wavelengths
was higher than most flourescent vapor lamps presently
used. His results also showed that the radiation in
the wa.velenth regions of 495,. 577 and beyond 640nm decreases
the CRI of the light. By computing CRI and luminosity
for varying widths of these three wavelengths (holding
two constant while varying the third)-, Thornton found
maximum CRI and luminosity to be present in sources
with spectral distributions containing spikes of energy
in the 450, 540 and 6l0nra region. These results led
Thornton to believe that the three line spectral power
distribution is superior to that of commercial flour
escent lamps of the same color in both luminosity and CRI.
In the calculation of CRI, the eight samples used
(as specified by the Arcerical Standards) are moderate in
saturation and are spproximately the same in lightness
(Mun-
sel value 6). An examination of Thornton's conclusions
has been made by calculating the CRI for 27 hypothetical
sources. However, the CRI value is modified to include
8 new samples. These samples are the first eight
metameric grays. "Metameric colors are color stimill
with the same tristimulus values but different spectral
distributions". (See Appendix B for a more detailed
discussion on metameric object colors.)
All CRI values were computed with respect to the
source C, as this is the source for which the eight
samples are metameric. The CRI values with respect to
these new samples have been examined to find if a three
line distribution of wavelengths 450, 540 and 6l0nm
does have the best color rendering quality.
EXPERIMENTAL DESIGN
The spectrum was divided into three regions. Region
1 Is 380~530nm, region 2 is 440-600nm, and region 3 is
550-780nm. These three wavelength regions, then, rep
resent the three factors in the experiment. Three levels
of each factor were chosen. (See Diagram 1.) A composite
design tested around the center point of 450, 540 and 6l0nm
was used.. The response variable is CRI. A regression
analysis has been run to find the equation lif any; which




3 DIMENSIONAL EXPERIMENTAL DESIGN
CALCULATION OF ENERGY VALUES
The energy values of the 27 hypothetical test sources
are calculated to produce the chromaticity coordinates
of the Standard Illuminant C. Keeping in mind that
each source consists of three spectral lines, the calcu
lation of the required energy values involves simply
the solution to three simultaneous equation. The. fol
lowing theory and method is used.










X,Y, and Z: color-matching function of the 1931 CIE
standard observer




It is necessary to calculate the radiant power values
of a lamp composed of three wavelengths producing a spe
cific set of chromaticity coordinates, m this cc-se, the




.3163;. The following method




Since the X,Y and Z, are table values, one is left with
three equations in three unknowns. The solution of these
equations yields the radiant power values at the corres
ponding three wavelengths necessary to produce the de
sired chromaticity coordinates.
Table 1. contains the energy values generated by
these calculation. Plots of energy vs. wavelength for
each of the 27 sources is found in Graph ,fl.
An examination of the above data shows that some
of the sources have negative energy values. For example,
the source composed of the.wavelengths420, 570, and
580nm has energy values of:
P*_s*.40824
R..o=-085'84
The negative energy value at 580nm implies that the
complementary wavelength is used. The complement of
580nm with respect to illuminant C is 480nm. The sub
stitution of this wavelength for 580nm yields positive






The complementary wavelength was not substituted for
sources containing negative energy values. However,
note was taken of the fact that these negative values
implied the presence of the complementary wavelength.
Table 1
CONFUTED COLOR RENDERING INDEX VALUES
FOR THE 27 HYPOTHETICAL TEST SOURCES,
8
#1 #2 #3 Pl P2 P3
CRI
420 510 580 ,53435 .17788 .25817 -95.
420 540 580 ,57325 .13679 .21094 -105.
420 570 580 .57762 .40824 -.08584 -9.
420 510 610 .48443 .38419 .24074 -138.
420 540 610 .57096 .24365 .16217 -58.
420 570 610 .57754 .34646 -.03145 -6.
420 510 640 .47173 .43655 .54160 -267.
420 540 640 ,57033 .26506 .34930 -165.
420 570 640 ,57750 .34107 -.06130 -121.
450 510 580 .19662 .15615 .26469 -61.
450 540 580 .20926 .11900 .22396 -33.
450 570 580 .21044 .35483 -.03383 -48.
450 510 610 .17782 .36915 .24624 -182.
450 540 610 .20813 .23249 .17218 -100.
450 570 610 .21042 .33042 -.01240 6.
450 510 640 .17306 .42311 .55366 -185.
450
cr A r\ C Ar\
. 20789 .25524 .37082
450 570 640 .21041 .32829 -.02416 44.
480 510 580 .45902 -.00053 .29051 -94.
480 540 580 .45896 -.00038 .29069 -89.
480 570 580 .45893 -.00112 .29155 -135.
480 510 610 .41128 .24738 .26775 -69.
480 540 610 .45577 .14750 .22312 -19.
480 570 610 . 45893 . 20879 .10684 -24.
480 510 640 .39936 .30951 .60064 -154.
480 540 640 .45509 .17713 .48039 -159.
480 570 640 .45889 .22697 .20824 -72.
Graph 1
PLOTS OF THE EKSRGY VALUES FOR THE 27
HYPOTHETICAL TEST SOURCES (Pages 9-11)
The wavelengths of which the source is composed
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CALCULATION OF CRI
The CRI was calculated for each of the 27 test
sources. (See Appendix A for mathematical description
of CRI). As stated previously, the first eight
meta-
metic grays (See table 2 for spectral reflectances in
io of the eight gray metamers) were used in the calcu
lation of CRI values instead of the standard specified
samples. For the calculation of CRI, it is necessary
to calculate the chromaticity coordinates of the
samples with respect to the test source and the refer
ence source. Due to the nature of the metameric grays,
the chromaticity coordinates of the samples with re
spect to the reference source C is constant for all
eight samples (Uz.2009, V-.3073). It is interesting to
to observe the resultant chromaticity coordinates
locations on the I960 CIS-UCS diagram for the eight
samples. (See Graph #2) Keeping in mind that all 27
test sources and the standard illuminant have the same
chromaticity coordinates, note that, though the eight
samples with respect to the source C all have the same
chromaticity coordinates of U-.2009, V-.3073, the test
sources produce a scattering of locations for the source
to sample chromaticity coordinates.
Tabic 2
Spectral Reflectances (in percent; of 12 (a<;rey;Object Colors
Metameric with resnect to the CIE Source C (Vyssecke 1962)
4
ravel ength //l #2 //3 U //5 #6 //7 #8
380 5.75 4.37 16.13 11.48 2.43 25.50 60.61 21.90
390 20.17 10.81 17.70 11.70 4.14 29.19 60.17 22.08
400 35.10 17.66 21.73 12.43 6.08 31.50 55.03 22.08
410 44.19 22.79 25*79 12.57 8.19 32.68 46.11 22.25
420 47.62 22.90 28.95 13.05 10.14 33.14 37-48 22.43
430 46.17 28.34 30.64 13.30 12.98 33.27 32.30 22.61
440 41.97 29.64 31.26 13.42. 15.65 32.97 29.86 22.96
450 35.29 30.04 30.89 29.92 28.58 32.30 28.90 23.50
460 27.44 30.73 29.61 48.87 43.89 31.21 28.47 26.68
470 16.17 30.23 25.95 47.70 46.37 28.77 28.25 39.85
480 8.51 30.73 23.50 37.42 43.41 24.78 28.16 52.83
490 6.34 32.85 34.26 26.07 39.83 20.12 28.12 49.80
500 6.37 35.35 43.21 28.74 37.96 16.34 28.12 40.23
510 6.53 37.08 44.78 44.96 36.49 12.10 28.11 35.28
520 6.64 37.69 42.69 48.52 35.55 9.54 28.30 34.54
530 6.77 36.64 37.98 41.36 33.97 20.39 30.29 31.71
540 14.04 33.54 32.33 31.23 30.98 40.11 33.35 28.77
550 56.96 28.51 27.07 22.22 26.43 35.82 32.54 26.20
560 67.92 21.45 22.75 16.76 20.02. 29.29 30.94 24.33
570 60.46 14.65 19.85 15.58 13.62 38.19 29.71 23.22
580 48.11 8.90 18.12 18.93 8.18 59.62 28.95 22.53
590 35.13 24.25 17.02 23.94 27.34 50.61 28.49 22.22
600 23.60 68.54 16.47 29.79 70.78 34.29 28.22 22.06
610 14.33 58.56 17.05 35.20 59.50 20.65 28.10 22.51
son p r\Cc
>b ( O
znc -7.cr. Ar\ OT
'-.cj . C-A. 33.32 1
> 7Q OO 1 c _T C /I
-~ _ . j-^j j j j-j. . i -j __''* J_ J _?_- _"r
630 4.22 21.45 77.96 44.01 22.82 6.26 29.15 63.99
640 1.88 11.77 80.00 47.37 12.59 2.91 33.94 65.38
650 0.94 5.89 64.92 50.29 6.29 1.28 35.68 55.13
660 0.31 2.94 49.84 52.49 3.15 0.74 34.90 44.88
670 0.16 1.26 39.24 54.24 1.57 0.83 33.85 37.68
680 0.00 0.42 31.17 55.78 0.79 1.13 33.14 32.15
690 0.00 0.00 26.94 57.24 0.39 1,18 34.43 28.82
700 0.59 0.19 25.30 58.12 0.00 2.23 39.38 26.33
710 1.88 0.61 24.97 58.85 0.00 2.31 45.56 24.67
720 2.82 0.92 24.38 59.58 0.00 2.23 50.62 23.56
730 4.93 1.61 23.94 60.24 0.00 2.10 54.81 22.73
740 6.34 2.06 23.29 60.89 0.00 2.02 58.17 22.18
750 7.28 2.37 22.97 61.48 0.00 1.89 59.99 21.90
760 8.21 2.68 23.05 61.99 0.00 1.81 58.59 28.90
Graph 2
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SAMPLE WITH RESPECT TO SOURCE PLOTS
The following graphs show the eight metameric
samples with respect to each of the 27 hypothetical
sources plotted on the I960 CIE-uCS diagram. Each
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RESULTS
The data was run through a regression analysis.
The program began with a one dimensional, first order
fit, tested the equation as to its fit, and then pro
ceeded to higher orders and dimensions until the best





Computer drawn plots of CRI vs. wavelength are seen in
graph #% These graphs hold one wavelength constant
and plot two wavelengths on the axis with a response
surface of CRI. The X,,X~, and X7 represent the three
wavelengths of which the source is composed. The Y
is the response variable of CRI.
In order to determine what three wavelengths give
the maximun CRI, partial derivatives of the above equation















The CRI values with respect to the eight metameric
samples is maximum for a source consisting of the three
wavelengths 638, 550, and 628nm. It is not maximum for
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CALCULATION OP COLOR RENDERING- INDEX
The color rendering capability of a source is the
ability of the source to make specific color samples
visually match the samples color appearance produced
under a reference cource. A numerical measure of this
ability is termed Color Rendering Index (CRI)
CRI was calculated in the manner dictated by
the American Standards. The Standards give eight samples
by which a test source is compared to a reference source.
Eight metameric gray samples were substituted for the
normal eight samples.







u, .and v, .-CIS I960 UCS chromaticity
coordinates
k,i i:,iof the tes^ gampies (i- 1 through 8)
under the sample light""source (k)
u .and v .-CIE I960 UCS chromaticity coordinates
o,i 0,i"*of the test samples (i- 1 through 8)
under the reference CIE Daylight Illum
inant (o)
u, and v, -CIE I960
UCS chromaticity coordinates of
* k""the sample light source (k)
u and v -CIE I960 UCS chromaticity coordinates of
~the reference CIE light Illuminant (o)
25
As is seen by the above formulas, CRI is in essence,
a measure of the deviation of a test source's color
rendering ability from a standard source's color ren
dering ability.
Due to the use of the metameric gray samples,











"Metameric colors are color stimuli with the same
tristimulus values, but different spectral distribu-
5tions."
Wyscecki has listed twelve metameric grays
with respect to the CIE source C. These samples will
no longer visually match if viewed under a different
source. Table #2 gives the spectral reflectances in
% of the first eight gray object colors metameric with
respect to the 1931 CIE Standard observer and source C.
27
FOOTNOTES
1. "Luminosity and Color-Rendering Capability of White
Light,"
p. 1155
2. "Luminosity and Color-Rendering Capability of White
Light,"
p.1155
3.Color Science, p. 349
4.Color Science, p. 344
5.Color Science, p. 344
6. "American National Standard Direct Viewing of Photo
graphic Color Transparencies," p.13
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